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ABSTRACT
A520 is a hot and luminous galaxy cluster, where gravitational lensing and X-ray
measures reveal a different spatial distribution of baryonic and Dark Matter. This
cluster hosts a radio halo, whose map shows a separation between the North-East
and the South-West part of the cluster, similarly to what is observed in gravitational
lensing maps. In this paper we study the possibility that the diffuse radio emission in
this cluster is produced by Dark Matter annihilation. We find that in the whole cluster
the radio emission should be dominated by baryonic phenomena; if a contribution from
Dark Matter is present, it should be searched in a region in the NE part of the cluster,
where a peak of the radio emission is located close to a Dark Matter sub-halo, in a
region where the X-ray emission is not very strong. By estimating the radio spectrum
integrated in this region using data from publicly available surveys, we find that this
spectrum can be reproduced by a Dark Matter model for a neutralino with mass 43
GeV and annihilation final state bb¯ for a magnetic field of 5 µG.
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1 INTRODUCTION
Galaxy clusters are supposed to be dominated by a com-
ponent of Dark Matter (DM) of unknown nature. The an-
nihilation of DM particles in a galaxy cluster can produce
relativistic electrons and gamma rays, whose possible detec-
tion can be used to test the properties of the DM particles
and the cluster itself (Colafrancesco, Profumo & Ullio 2006).
However, other processes in galaxy clusters can produce dif-
fuse non-thermal emission in several spectral bands, like ra-
dio, X-rays, and gamma rays (e.g. Feretti et al. 2012), mak-
ing difficult to distinguish the emission of baryonic origin
from the one originated by DM annihilation. Marchegiani
& Colafrancesco (2015) proposed to address this problem
by considering clusters where the X-rays and gravitational
lensing measures suggest that the baryonic and the DM ha-
los are located in different positions, like in the case of the
Bullet cluster (Clowe et al. 2006), and studying the emission
detected in the different regions of the cluster. This situation
can usually be found in clusters during a merging event tak-
ing place approximately perpendicularly to the line of sight,
when the DM halos of the two clusters are expected to cross
each other in a collisionless way, whereas the thermal gas
halos interact by ram pressure, producing a slowdown and
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an offset between DM and baryonic matter (e.g. Roettiger,
Locken & Burns 1997).
A520 is a hot and luminous galaxy cluster, where an
ongoing merging event has been identified both with X-rays
(Markevitch et al. 2005) and optical observations (Proust et
al. 2000). In A520 X-rays and gravitational lensing measures
reveal a situation similar to the case of the Bullet cluster: the
distribution of the DM density in fact results to be different
from the baryonic one, with two main DM peaks located
on the opposite sides of the cluster geometrical center along
the NE-SW direction, that is interpreted as the merging
axis, whereas the X-ray emission shows a main peak close
to the cluster geometrical center, and an extension in the
SW part of the cluster, where a second peak, associated
to the Brightest Cluster Galaxy (BCG) of the secondary
sub-cluster, is located close to the edge of the cluster, and
presents a trail of cold gas, interpreted as the remnant of
a cool core cluster that is going to be destroyed by ram
pressure while crossing the main cluster (Clowe et al. 2012;
Wang, Markevitch & Giacintucci 2016; Wang, Giacintucci &
Markevitch 2018). The detection of a third peak in the DM
distribution close to the X-ray peak is controversial: in some
studies (e.g. Mahdavi et al. 2007) this peak results to be
present, whereas in other studies (e.g. Clowe et al. 2012) this
peak is not detected with sufficient statistical significance.
A520 hosts a giant bright radio halo (Govoni et al. 2001;
Govoni et al. 2004; Vacca et al. 2014; Wang et al. 2018),
c© 2018 RAS
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with a relatively flat spectral index (with integrated value
between 325 and 1400 MHz of α ∼ 1.12; Vacca et al. 2014)
that, although with fluctuations in its value across the clus-
ter, does not present a systematic steepening towards the
peripheral regions (Vacca et al. 2014), as instead observed
in other clusters like Coma (Giovannini et al. 1993) and
A665 (Feretti et al. 2004). The radio maps show that the
halo is divided in two main sub-halos in the NE and SW re-
gions of the cluster; this structure is interesting because it is
analogue to the structure of the DM distribution in the clus-
ter. We note that a similarity between radio halo and DM
morphology is also observed, for example, in the Coma clus-
ter (Brown & Rudnick 2011; Marchegiani & Colafrancesco
2016).
In this paper we check the possibility that the radio
emission in A520 can be originated by DM annihilation. In
Sect.2 we study the emission expected from DM in the whole
cluster, and compare it with the emission of baryonic origin.
In Sect.3 we focus on a region of the cluster where a peak of
the diffuse radio emission is located close to a DM peak, and
in Sect.4 we study the high-energy emission expected from
the cluster. In Sect.5 we discuss our results and make hy-
pothesis on the origin of the electrons in the different regions
of the cluster, and in Sect.6 we summarize our conclusions.
Throughout the paper, we use a flat, vacuum–
dominated cosmological model following the results of
Planck, with Ωm = 0.308, ΩΛ = 0.692 and H0 = 67.8 km
s−1 Mpc−1 (Ade et al. 2016). With these values the lumi-
nosity distance of A520 at z = 0.199 is DL = 1005 Mpc, and
1 arcmin corresponds to 203 kpc at this distance.
2 THE INTEGRATED EMISSION FROM THE
WHOLE CLUSTER
As a first step, we study the radio emission expected in the
whole cluster for a baryonic model, where secondary elec-
trons are produced by hadronic interactions between cosmic
rays and thermal protons (e.g. Blasi & Colafrancesco 1999),
and a DM model, where electrons are produced by DM an-
nihilation (e.g. Colafrancesco et al. 2006).
In both the models, the equilibrium spectrum of elec-
trons is obtained by solving the diffusion-loss equation (e.g.
Sarazin 1999):
∂
∂t
dne
dE
= ∇
(
D(E, r)∇dne
dE
)
+
∂
∂E
(
b(E, r)
dne
dE
)
+
+Qe(E, r) , (1)
where (dne)/(dE) is the electron spectrum, D(E, r) is the
spatial diffusion coefficient, b(E, r) is the energy-loss func-
tion, and Qe(E, r) is the electron source function, that can
be calculated according to the physics of the hadronic inter-
actions (e.g. Moskalenko & Strong 1998) or the DM annihi-
lation (e.g. Gondolo et al. 2004).
In the hadronic model, the source term is proportional
to the product of the numerical density of thermal nuclei and
the one of cosmic ray protons. For the density of the thermal
gas we use the properties derived from X-rays observations:
the radial profile can be described by a beta model
nth(r) = nth,0
[
1 +
(
r
rc
)2]−qth
(2)
(Cavaliere & Fusco-Femiano 1976) with nth,0 = 3.8 × 10−3
cm−3, rc = 413 kpc, and qth = 1.3 (see table 6 in Govoni
et al. 2001, after correcting for the different cosmological
model). We assume that the cosmic ray protons have a spa-
tial profile proportional to the thermal one, use power-law
spectral distributions Np ∝ γ−sp with several values of the
spectral index, and let their central density as a free param-
eter, expressed through the ratio between the non-thermal
and the thermal pressure (see, e.g., Marchegiani, Perola &
Colafrancesco 2007). This last value has been constrained
to have upper limits of the order of 2-6%, depending on the
spectral index, from stacked analysis of Fermi gamma ray
upper limits in galaxy clusters (Huber et al. 2013; Prokhorov
& Churazov 2014). At the moment there are not estimates
of the magnetic field in A520 derived from Farady Rotation
Measures available in literature; we therefore adopt a mag-
netic field similar to the one found in Coma, with a central
value of 5 µG and a radial profile proportional to nth(r)
1/2
(Bonafede et al. 2010).
For the DM models, we use two neutralino models with
mass 9 GeV and annihilation final state τ+τ−, and mass
43 GeV and annihilation final state bb¯, with the total nor-
malizations, given by the product of the annihilation cross
section and the substructures boosting factor, B × 〈σv〉, as
obtained from the fitting to the flux of the radio halo in the
Coma cluster (Marchegiani & Colafrancesco 2016). These
normalizations can therefore be considered as upper limits
on the DM emission, because they can be obtained for op-
timistic values of the annihilation cross section as derived
from the gamma ray excess in the Galactic Center (Abaza-
jian & Keeley 2016) and the substructures boosting factor
(see discussion in Marchegiani & Colafrancesco 2016), and
because a higher value of this normalization would produce
a radio emission in excess with respect to the flux observed
in the Coma cluster. The density and the radial profile of
the DM halo are assumed to have a Navarro, Frenk & White
(1996) profile,
ρ(r) =
ρs(
r
rs
) (
1 + r
rs
)2 , (3)
with the parameters derived from the total mass, M200 =
(9.1 ± 1.9) × 1014M (Clowe et al. 2012), according to
the procedure described in Bullock et al. (2001) and Co-
lafrancesco, Marchegiani & Beck (2015): rs = 472 kpc and
ρs = 5.29×103ρc, where ρc is the critical density of the Uni-
verse. We calculate the total flux by integrating in a volume
with a radius of 0.5 Mpc, similar to the radius of the whole
radio halo.
The comparison between the prediction of these models
and the observed total flux of the radio halo in A520 at
325 and 1400 MHz (Vacca et al. 2014) is given in Fig.1.
The hadronic model provides a good fit to the data for a
spectral index sp = 2.2 and a pressure ratio PCR/Pth =
2.6%, that is of the order of the upper limits derived from
stacked analysis of gamma ray emission in clusters. The DM
emission is instead lower than the observed flux by almost
one order of magnitude, suggesting that the bulk of radio
emission in A520 can not be of DM origin. It is anyway
possible that the DM can give a contribution in some regions
of the cluster, as suggested in the case of the Bullet cluster
(Marchegiani & Colafrancesco 2015). In the next Section we
explore this possibility.
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Figure 1. Spectrum of the radio halo flux in A520 for: i) a neu-
tralino model with mass Mχ = 9 GeV, annihilation final state
τ+τ−, B × 〈σv〉 = 6 × 10−25 cm3 s−1 (solid line); ii) a neu-
tralino model with mass Mχ = 43 GeV, annihilation final state
bb¯, B × 〈σv〉 = 4 × 10−24 cm3 s−1 (dashed line); iii) a hadronic
model with proton spectral index sp = 2.2 and a pressure ratio
PCR/Pth = 2.6% (dot-dashed line). Data are from Vacca et al.
(2014).
3 EMISSION IN THE DM PEAK REGION
According to Clowe et al. (2012), the two most massive DM
subhalos inside the radio halo region in A520 are the ones
labelled with P2 and P4, that are located respectively in
the NE and SW parts of the halo. The subhalo P4 is lo-
cated close to the BCG that is moving outwards producing
the detected bow shock and leaving a cold gas trail; it is
therefore reasonable to think that the radio emission in this
region is dominated by the electrons (primary or secondary)
originated by this galaxy or accelerated by the associated
bow shock.
The subhalo P2 is instead located in a region with a
weak X-ray emission, but close to a peak of the radio emis-
sion, located between the radio galaxies labelled with C and
D by Vacca et al. (2014) and visible also in the NVSS map
(see Fig.2). This radio peak is better visible in the fig. 2a in
Wang et al. (2018), where the diffuse radio emission is shown
after the removal of point sources, at the approximated coor-
dinates (J2000) RA=04 54 15.0, Dec=+02 56 31.4. In Fig.3
we show a zoom of this region, with the optical ESO-DSS
map, where the contours from NVSS (Condon et al. 1998)
and TGSS (Intema et al. 2017) radio surveys, and from the
gravitational lensing analysis (from fig. 1c in Wang et al.
2016) are overlapped. The radio peak located close to the
center of the image is visible in the TGSS contours, and
is located between two lensing peaks; the distance between
the center of the TGSS peak and the lensing peaks is of
the order of the TGSS resolution (25 arcsec), and therefore
it is possible that in this peak there is a contribution from
DM annihilation. At the center of the TGSS peak there is
a galaxy, presently not recognized as a radio source, that
can also be the origin of the radio emission; this situation
is similar to the one in the DM Eastern peak in the Bul-
let cluster, where the radio peak is located close to the DM
peak but also to a possible radio galaxy (see Marchegiani &
Colafrancesco 2015).
Figure 2. X-ray image from Chandra with NVSS contours over-
lapped (white); the black arrow indicates the peak of the NVSS
map close to the P2 region; labels C and D are for radio galaxies
as in Vacca et al. (2014).
Figure 3. Optical image from ESO DSS with NVSS (white),
TGSS (red), and from weak lensing (from Wang et al. 2016; black)
overlapped.
In order to estimate the radio flux coming from this
region, we analyzed the data from a few radio surveys, i.e.
VLSSr (Lane et al. 2014), TGSS, and NVSS, estimating the
diffuse flux coming from a circle centered at the coordinates
RA=04 54 15.0, Dec=+02 56 31.4, and a radius of 35 arcsec
(i.e. avoiding the emission from radio galaxies C and D),
corresponding to 118 kpc. The data analysis has been done
using the CASA package, and the results are reported in
Table 1.
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S74 (mJy) S150 (mJy) S1400 (mJy)
14.9± 5.2 7.01± 0.13 0.450± 0.047
Table 1. Radio fluxes estimated in a circular region centered in
RA=04 54 15.0, Dec=+02 56 31.4, and with a radius of 35 arcsec,
as obtained from the surveys VLSSr (74 MHz), TGSS (150 MHz),
and NVSS (1.4 GHz).
Then we calculated the hadronic and the DM emission
in this region by using the models described in the previous
Section. According to the magnetic field model used in the
previous calculations, we should expect at the distance of
the P2 region from the cluster center a magnetic field of the
order of ∼ 3.8 µG and a thermal gas density of ∼ 1.6×10−3
cm−3. Since the size of this region is small compared to
the core radius of the cluster, we use a constant magnetic
field and constant densities of thermal electrons and non-
thermal protons inside the region. According to Clowe et
al. (2012), the mass of the P2 sub-halo is M = 4.08 × 1013
M, from which the parameters for a NFW model rs = 112
kpc (similar to the radius of the region we analyzed) and
ρs = 1.37× 104ρc can be derived.
In Fig.4 we show the radio emission produced in this re-
gion for the hadronic and DM models, using for the hadronic
model a reference pressure ratio PCR/Pth = 4%, higher than
the one providing the best fitting to the whole radio halo.
Even with this value, the DM emission appears to be dom-
inant with respect to the hadronic one. This is because in a
small region the contribution of the central peak of the DM
emission is more important than the one provided from the
flat profile of non-thermal protons. The expected DM radio
emission is smaller than the flux estimated from the surveys
in this region by a factor of 1.3–1.4.
We also found that, by using instead a magnetic field
of the order of 5 µG, it is possible to obtain a radio flux
produced by DM similar to the observed one (lower panel
of Fig.4). Since we don’t have information on the magnetic
field in this cluster, this possibility can not be excluded.
We note also that the model with neutralino mass 43 GeV
reproduces the spectral shape of the radio emission better
than the 9 GeV model.
Therefore, the DM emission in the P2 region can be
dominant on the hadronic one if the normalization of the DM
emission is the same than the one that can reproduce the
radio halo flux in Coma, and this suggests that the contri-
bution of DM to the radio emission in the cluster, if present,
can be found in this region.
4 HIGH ENERGY EMISSION
In this Section we discuss if the emission produced in the
high energy bands (X-ray and gamma ray) is suitable to be
detected with present or forthcoming instruments, in order
to understand if with this kind of observations it is possi-
ble to discriminate between the different models and derive
more information on the properties and the origin of cosmic
ray particles in A520 and in the P2 region.
In Fig.5 we show the high-energy emission given by the
sum of the Inverse Compton Scattering of the CMB photons
and non-thermal bremsstrahlung with the thermal ions from
Figure 4. Spectrum of the radio halo flux in the region P2 of
A520 for a magnetic field of 3.8 µG (upper panel) and 5 µG
(lower panel) and for: i) a neutralino model with mass Mχ = 9
GeV, annihilation final state τ+τ−, B × 〈σv〉 = 6 × 10−25 cm3
s−1 (solid line); ii) a neutralino model with mass Mχ = 43 GeV,
annihilation final state bb¯, B×〈σv〉 = 4×10−24 cm3 s−1 (dashed
line); iii) a hadronic model with proton spectral index sp = 2.2
and a pressure ratio PCR/Pth = 4% (dot-dashed line). Data are
from Table 1.
the secondary electrons, and the gamma ray emission pro-
duced by neutral pions decay, for the three models we used
in the past Section, and for the two regions we considered:
the whole cluster (upper panel), and the P2 region (lower
panel).
We can see that in the whole cluster the hadronic emis-
sion dominates over the emission of DM origin along the
whole spectrum, whereas in the P2 region the DM emission
is stronger than the hadronic one in the X-ray band (be-
tween 0.3 and 400 keV for the 43 GeV model, and between
1 and 150 keV for the 9 GeV model), while in the gamma
rays the hadronic emission is generally stronger than the DM
one, except for the spectral region between 1 and 10 GeV for
the 43 GeV mass model, and between 2 and 4 GeV for the
9 GeV model. However, all these emissions are well below
the sensitivity of present and forthcoming instruments (in
the same Figure we show, for reference, the sensitivities of
Astro-H for 100 ks of integration and Fermi-LAT for 10 yrs)
even for the whole cluster, so we don’t expect that observa-
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Figure 5. Spectral energy distribution of the high energy emis-
sion from the whole cluster A520 (upper panel) and the P2 region
(lower panel) for: i) a neutralino model with mass Mχ = 9 GeV,
annihilation final state τ+τ−, B × 〈σv〉 = 6 × 10−25 cm3 s−1
(solid line); ii) a neutralino model with mass Mχ = 43 GeV, an-
nihilation final state bb¯, B × 〈σv〉 = 4 × 10−24 cm3 s−1 (dashed
line); iii) a hadronic model with proton spectral index sp = 2.2
and pressure ratios PCR/Pth = 2.6% in the whole cluster and
4% in the P2 region (dot-dashed line). We also show the sen-
sitivity curves of Astro-H for 100 ks of time integration (from
http://astro-h.isas.jaxa.jp/researchers/sim/sensitivity.html) and
Fermi-LAT for 10 yrs (from Funk & Hinton 2013).
tions in these bands can help to discriminate the origin of
the non-thermal emission in A520.
5 DISCUSSION
Like in the Bullet cluster (Marchegiani & Colafrancesco
2015), in A520 the emission of DM origin probably is not
producing the whole radio halo, but can be dominant in
some regions of the cluster. In the whole cluster the bary-
onic emission is expected to be dominant on the DM one.
In the SW part of the cluster a possible source of ac-
celeration of cosmic rays is the bow shock associated to the
BCG at the edge of the radio halo that is moving outwards;
however, Wang et al. (2018), using Chandra X-ray observa-
tions, found that the Mach number associated to this shock
is M = 2.4+0.4−0.2; according to the Diffusive Shock Accelera-
tion theory (Drury 1983), particles accelerated by a shock
with this Mach number should produce a radio emission
with a spectral index equal to or steeper than 1.3, that is
steeper than the values of 1.1-1.2 found in this region (Vacca
et al. 2014). Another possible source of cosmic rays is the
BCG itself, that can have injected the particles during its
passage through the Intra Cluster Medium (ICM). Since the
particles are diffused up a distance of the order of 500 kpc
(much higher than the typical diffusion length of electrons in
magnetized plasma in galaxy clusters, that is of the order of
50 kpc, see, e.g., Blasi & Colafrancesco 1999), this emission
probably is of hadronic origin.
In the NE part of the cluster we have identified a peak
of the radio halo that is located very close to one of the
peaks of the DM distribution (the P2 peak in Clowe et al.
2012). We have found that in this region the emission of DM
origin is expected to dominate on the emission of baryonic
origin, if the DM has properties similar to the ones providing
the best fitting to the spectrum of the radio halo in Coma
(Marchegiani & Colafrancesco 2016), when optimistic, but
possible, values for the annihilation cross section and the
substructure boosting factor are assumed. Therefore, if a
contribution from DM to the radio halo is present in this
cluster, it needs to be searched in this region. We note that,
while in the Coma cluster the DM model providing the best
fitting to the radio halo spectrum is the one with mass 9 GeV
and annihilation final state τ+τ−, in the P2 region of A520
the model providing the best fitting to the radio spectrum
is the one with mass 43 GeV and annihilation final state bb¯.
Therefore other studies, even considering similar situations
in other clusters, need to be performed in order to clarify
the strenght of this result.
The whole NE part of the radio halo is more extended
than the P2 region alone, that has a radius similar to the
core radius expected for a DM halo having the correspond-
ing mass (∼ 115 kpc); therefore other mechanisms that can
accelerate the electrons on larger scales need to be present.
The apparent separation of the NE part of the radio halo
from the SW part suggests that other mechanisms differ-
ent from the injection from the BCG can take place. As
suggested by Wang et al. (2018), a possible mechanism is
the reacceleration caused by merger-induced turbulences, as
suggested also by the high values of the temperature found
in this region (Govoni et al. 2004; Wang et al. 2016). An-
other possibility is that an important role is played by the
radio galaxy labelled with D in Vacca et al. (2014): in the
temperature map of Govoni et al. (2004) it is possible to see
that a region of hot gas is present on the west of the galaxy
(i.e. in the probable direction of its motion), and is bending
north and south of the galaxy. It is therefore possible that
the bow shock produced by the galaxy motion is providing
energy to the cosmic ray electrons by diffusive shock accel-
eration or adiabatic compression. A shock is not visible in
this region of the X-ray maps (Wang et al. 2016), but this
fact can be explained because this radio galaxy is probably
part of a subcluster that is falling on the main cluster along
a direction close to the line of sight (Proust et al. 2000). It
is also possible that the radio galaxy, by crossing a merger
shock front, is giving origin to a relic-like structure (like in
the case of Perseus cluster, see Pfrommer & Jones 2011) that
would appear roundish because associated to a shock front
produced in a merger happening close to the line of sight,
as suggested by Vacca et al. (2014).
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6 CONCLUSIONS
In this paper we have found that in the cluster A520 the
radio emission produced by DM is expected to be lower than
the emission of baryonic origin. However, DM can have an
important role in the region around the subhalo P2, where
a peak of the radio emission is detected.
We have estimated the radio flux in the P2 region, and
found that DM models with the same properties as the ones
providing a good fitting to the radio halo in the Coma cluster
(Marchegiani & Colafrancesco 2016) predict a radio emission
similar to the observed one, for a magnetic field of the order
of 5 µG. The best fitting model suggested by the spectral
shape of the radio emission in the P2 region is for a neu-
tralino with mass 43 GeV and annihilation final state bb¯;
this situation is different from the Coma case, where the
favourite model was for mass 9 GeV and final state τ+τ−.
In the SW part of the cluster, a possibile origin of the
radio halo is given by hadronic interactions, where the cos-
mic rays are injected by the BCG moving through the ICM.
In the NE part, other than the DM in the P2 region, an
important role can be played by the radio galaxy D that
is probably interacting with the ICM, emitting cosmic rays
and/or producing a bow shock.
Finally, the expected high energy emission from the
whole cluster and the P2 region is well below the sensitivi-
ties of present and forthcoming instruments, and therefore
measures in high energy spectral bands do not appear to
be suitable to obtain better information on the non-thermal
emission in A520.
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